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Abstract 
 
This study is part of a collaboration between the department of Chemical Engineering and the department 
of Chemical Sciences at University of Padua. The goal is to develop new materials that can be used to 
manufacture solid oxide fuel cells operating at lower temperatures. In order to do this, the inherent 
properties of said materials, like electronic and ionic conductivities, or catalytic properties, are not 
enough, because a fuel cell is a complex system in which many phenomena happen at the same time. In 
order to optimize the performance, this study focused on the development of a mathematical model of 
the cell, which has been validated with literature data and that can be used to evaluate the influence that 
material properties, manufacturing specifications and operating conditions have on the involved 
phenomena and on overall efficiency. 
This model uses a finite element simulation software, COMSOL Multiphysics, to represent the behavior 
of the cell. The output of the model has been validated with literature data without resorting to adjustable 
parameters, and can therefore be assumed to adequately represent the phenomena under consideration. 
The model has then been used to quantify the effect that changing several parameters has on the cell, 
both under steady-state conditions (analysis of the polarization curve, to evaluate overall performance) 
and with forced perturbations (electrochemical impedance spectroscopy, to discern the contributions that 
the various phenomena give to the performance). 
Since the model has been validated without fitting adjustable parameters, it could be used in the future 
on cell prototypes using new materials to evaluate hard to obtain parameters like reaction kinetics, once 
other properties are known. 
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Introduction 
 
As environmental concerns and energy demands increase, there is the need to move to more sustainable 
and flexible alternatives. One of the promising technologies in the prospect of energy sustainability is 
that of fuel cells, devices that convert chemical energy of a fuel into electrical energy through 
electrochemical processes. Despite being a technology first developed decades ago, it has been the 
subject of intensive research in the last years, because its full potential is far yet from being reached. 
Solid oxide fuel cells (hereafter called SOFCs) in particular are very promising, because their high 
temperature of operation leads to very high efficiencies, especially when coupled with systems that can 
further utilize the high quality heat that they produce. 
The main goal of this work has been the development of a computational model for SOFCs at the cell 
level, and the study of the effect of certain significant parameters on the efficiency and power density, in 
order to apply it to the design and optimization of such devices. This research is parallel to one conducted 
by the Chemistry Department of the University of Padua, focused primarily on the development of new 
materials, while the engineering operating and constructive aspects of the cell can be optimized once a 
working computational model is used. 
This thesis is divided into 4 chapters. Chapter 1 will describe the devices used, the phenomena involved 
and the ways in which performance can be evaluated. Chapter 2 will describe the computational model, 
including the geometry and the equations that constitute the system. Chapter 3 will first validate the 
model using a widely accepted benchmark, and then evaluate the effect that various parameters have on 
the overall performance of the system. Chapter 4 will simulate an Electronic Impedance Spectroscopy 
analysis to identify the effect that certain parameters have on the physical phenomena happening inside 
the cell. 
 
 
 
 
 
 
 
2   Chapter 1 
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Chapter 1 
 
Solid Oxide Fuel Cells 
 
1.1 Fuel Cells 
Fuel cells are energy conversion devices that produce electrical energy directly from the chemical energy 
stored in the fuel through electrochemical reaction processes. They are flexible in terms of operating 
conditions and type of fuel used (although most operate with hydrogen, leading to the production of 
water). Conventional engines typically generate electrical energy from fuels in a series of energy 
conversion steps, which usually includes:  
 
1. The burning of the fuel, converting its chemical energy into heat  
2. The heat is then used to generated steam (steam turbines) or to increase the energy of the combusted 
gases (gas turbines)  
3. The steam or the products of combustion are then used turbines, converting the stored heat into 
mechanical energy  
4. Lastly, mechanical energy is used to power a generator which generates electrical power. 
 
A fuel cell side - steps these processes, rather it generates electrical power in one single step [1, 2] without 
any moving parts and fewer sources of energy loss, besides not being constrained by the thermodynamics 
of the Carnot cycle. This leads to efficiencies of over 70% (for some type of cells), well above the limit 
for conventional engines. Furthermore, avoiding combustion prevents the formation of practically any 
pollutant, like NOx and SOx. They are also highly modular, and assembling small units can result in big 
power plants, in the order of hundreds of megawatts. Their characteristics of high energy efficiency, near 
zero emissions, noiseless operation, flexible sizing, fuel flexibility (for some cell types) and mechanical 
simplicity make them an attractive option for electrical energy generation. A typical unit fuel cell is made 
of three main components as shown in Figure 1.1a: anode (fuel electrode), cathode (air electrode) and 
electrolyte. The reactant gases are continuously supplied to the fuel and air electrodes; ions produced as 
a result of the electrochemical reactions migrate from one of the electrodes through the electrolyte to the 
other electrode. As a result of the reactions taking place, electrons are generated, these electrons flow 
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through an external circuit producing electric current. Unit cells are usually arranged together in series 
in a process called “stacking”, in other to achieve higher power capacities as depicted in Figure 1.1b 
Figure 1.1. Schematic showing the operations of a fuel cell (a) Unit fuel cell (b) Fuel cell stack 
 
Several types of fuel cells exist, which are classified based on the nature of the electrolyte material, which 
also determines the operating temperature and thus the state of reactants and products: alkaline fuel cells 
(50–200°C), proton exchange membrane fuel cells (30–100°C), direct methanol fuel cells (20–90°C), 
phosphoric acid fuel cells (200°C), molten carbonate fuel cells (200°C) and solid oxide fuel cells (600–
1000°C) [1] 
 
1.2 Solid oxide fuel cells (SOFCs) 
SOFCs have a solid ceramic electrolyte, which transports oxygen ions from the cathode to the anode. 
The migration in the solid medium is slow, and to have acceptably low resistance, the system has to 
operate at high temperatures. This means that the reactants and products (water, if hydrogen is used as 
fuel) are in gaseous form. 
SOFCs have recently gained prominence among the other fuel cell types because of the following 
features [4, 5]: 
 Choice of fuel: SOFCs can use a wide range of fuels such as hydrogen, methanol, diesel fuel or 
carbon based fuels (e.g. natural gas), even accommodating the possibility of internal reforming 
directly within the anode [3,7] 
 Efficiency: SOFCs have potentials for high electrical energy efficiencies, which increases 
significantly when integrated into a hybrid system that uses the high-quality waste heat produced [7] 
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 Constant power production: SOFCS are continuous systems, and can operate for long periods of 
time 
  High reactive activity: electrochemical reactions in SOFCs proceed quickly due to its high operating 
temperature; this improves the electrode kinetics reactions (due to the large exchange currents) and 
reduces activation losses 
 Flexibility: SOFCs are suited for a range of applications such as stationary power production, 
decentralized generating units, vehicular transportation (although not in small vehicles due to the 
high temperature required) and military applications 
 Cell management: since SOFCs are solid ceramic cells, a number of the issues such as catalyst 
wetting, electrode flooding, electrolyte migration encountered with other fuel cells are not present. 
 
As discussed above, SOFCs derive most of their advantages from their high operating temperature. 
However, this also leads to challenges associated with the development and commercialization of 
SOFCs. These include slow start up times, increased material and manufacturing cost due to the choice 
of expensive alloys such as doped lanthanum chromite (LaCrO3), ceramics and gas seals that are used in 
the cell, issues of durability associated with thermo-mechanical stability and chemical stability due to 
high temperature operation, oxidizing and reducing atmospheres in the cell. 
However, despite important achievements and although some SOFC systems are already commercially 
available, to date the breakthrough of SOFC technology still faces significant challenges concerning cost 
reduction, long-term stability and performance improvement. SOFCs are complex systems, involving 
phenomena occurring at different length scales [8]. One of the major obstacles to further significant 
progress is the current poor understanding of the fundamental physical and electrochemical processes 
and how they influence each other. For this reason, numerical models that represent the behavior of the 
system can be a valuable aid in identifying the effect of the phenomena involved.  
 
1.2.1 SOFC components  
A SOFC is a device made of a ceramic material electrolyte placed between two porous electrodes (anode 
and cathode), with interconnects on either sides that electrically connect both electrodes. For the SOFC 
to operate successfully, the selection of materials for the individual components is very important, both 
in terms of the intrinsic properties of the materials and of compatibility between them: the thermal 
expansion of the components should be within a small range of each other to prevent mechanical failure 
or delamination. Other characteristics which the material components of SOFCs should have include 
good chemical stability, high electrical conductivity (electrodes and interconnects), high ionic 
conductivity (electrolyte) and an overall low cost of production. The material choice is usually a 
compromise between the above characteristics. Detailed characteristics of each of the major cell 
components are discussed next. 
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Electrolyte  
The electrolyte is an impervious solid made of ceramic; it is sandwiched between the anode and cathode, 
and its purpose is to transport oxygen ions from the anode to the cathode, while providing a physical 
barrier to the flow of reactants between the channels. The desired properties of electrolytes used in SOFC 
are mainly dictated by its high operating temperatures. A good SOFC electrolyte should have high ionic 
conductivity, necessary for the migration of oxygen ions through it, but it also needs to have low electric 
conductivity, as this forces the electrons to flow through the external circuit. Its thermal expansion should 
be a good match with that of other cell components, and it should be chemically stable when in contact 
with oxidizing and reducing environments.  
Although electrolytes can be used as structural support, in which case a thickness of ~150𝜇𝑚 is used, 
most research is focused on anode supported cells. In such cell configuration, the electrolyte layer is 
expected to be very thin, typically between 10−20 μm. At these thicknesses, there will be a significant 
reduction in losses due to ohmic resistance, thereby improving the cell performance.  
Yttria stabilized zirconia (YSZ) is well known and used as a SOFC electrolyte. It exhibits most of the 
characteristics of a good SOFC electrolyte at temperatures above 700ºC.  
Anode 
The anode is a porous structure which experiences highly oxidizing environments. A good anode material 
should have high electric conductivities, necessary for the effective transportation of electrons to the 
interconnect. It should also have good catalyzing properties needed for the oxidation reactions taking 
place on it. Stability in oxidizing environments and sufficient porosity for the effective transportation of 
reactant gases and products are also key characteristics a good anode should have. Its thermal expansion 
coefficient should match those of the other components and it should have minimum or no reactivity 
with the electrolytes and interconnect, both of which it is in contact with it.  
Most anodes are porous cermet, meaning composite materials made of sintered metallic and ceramic 
particles (generally nickel and YSZ [9]). This creates a continuous solid phase that transports electrons, 
another continuous phase that transports oxygen ions, and porous channels where gases can diffuse. The 
reaction occurs in the proximity of the contact perimeter between the three phases (electron-conducting, 
ion-conducting and gas), where the reaction participants can coexist. This is called a three-phase 
boundary (TPB) (Figure 1.2). In Ni/YSZ anodes, particles of YSZ are sintered with NiO, and after 
sintering the NiO is reduced to Ni. This means that in particular conditions, composite anodes are prone 
to re-oxidation, which reduces porosity and greatly affects electronic conductivity. 
Cathode  
The cathode is a porous material which experiences reducing environment. A good cathode material 
should have high electric conductivity, should be stable in reducing environments and be sufficiently 
porous to allow the transport of oxygen to the reaction sites. Its thermal expansion also has to be a good 
match with other cell components and, like the anode, it should exhibit little or no reactivity with either 
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the electrolyte or the interconnect. Typical material for the cathode is strontium stabilized lanthanum 
manganite  (LSM),  which  is  known  to be a good  catalyst  for  the  dissociation  of the oxygen molecule, 
 
Figure 1.2. Three-phase boundary in a composite Ni-YSZ anode 
 
sintered with YSZ for ionic conductivity (this produces a TPB like the one in the anode) [10]. On the 
opposite end of the cathode compared to the electrolyte there is a thin section of pure LSM with high 
porosity that acts as a current collector, gathering electrons evenly from the surface of the electrode. 
Interconnect  
The interconnect (also known as bipolar plate) serves as a physical barrier separating the fuel of one 
individual cell from the air of the neighboring one, it also conducts electric current between each layer 
of the cell stack and helps in distributing the reactant gases evenly across the face of the electrodes. 
Therefore, a good interconnect should have high electric conductivity and low contact resistance with 
electrodes. It should be stable in both oxidizing and reducing environments and its thermal expansion 
should match those of other cell components. Furthermore, the interconnect should be impermeable to 
the reactant gases and generally exhibit good mechanical strengths.  
Metals can be used as interconnects at intermediate temperature operations; these are relatively 
inexpensive compared to ceramic interconnects required at high temperature operation, and are better 
electric conductors. Stainless steel is an attractive option because its thermal expansion matches that of 
YSZ [11]. However, corrosion can be a major challenge, chromium based alloys can then be used to 
counter this problem. 
 
One of the layers is always much thicker than the other two, and provides structural support. The cathode 
is almost never used as the supporting layer, since in hydrogen-fed SOFCs it represents the main source 
of energy loss, given that the oxygen reduction reaction tends to be the limiting step [12-14]. As hinted 
above, electrolyte-supported cells are also quite rare, despite being the easiest to manufacture, because 
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of ohmic losses that would ensue from the conduction of ions through a thick layer. Most SOFCs tend to 
be anode-supported: in this case, the anode is divided into two sections, one that is highly porous and 
acts as the supporting layer, and a much thinner one that is where the active part where the reactions 
actually occur. The use of the same material as a supporting layer, despite with different porosity and 
average grain diameter, is justified by the need to have the same thermal expansion coefficient, lest 
heating results in delamination or outright fractures in the cell. 
 
1.3 Electrochemistry 
The reactions occur at the TPB where the gas meets electrode and electrolyte material. The reaction 
occurring at the cathode TPB is 
1
2
𝑂2 + 2𝑒
− → 𝑂2−            (1.1) 
while the following reaction occurs at the anode TPB (assuming hydrogen as fuel) 
𝐻2 + 𝑂
2− → 𝐻2𝑂 + 2𝑒
−           (1.2) 
The oxygen ions are conducted through the electrolyte, while the electrons are conducted through an 
external electric circuit. 
The overall reaction is 
𝐻2 +
1
2
𝑂2 → 𝐻2𝑂            (1.3) 
The reversible voltage potential that may be supplied by the electrodes is given through the Nernst 
equation: 
𝐸𝑟𝑒𝑣 = 𝐸0 +
𝑅𝑇
2𝐹
𝑙𝑛 (
𝑝𝐻2 ∙𝑝𝑂2
1
2⁄
𝑝𝐻2𝑂
)          (1.4) 
with the partial pressures p in bar. E0 is the potential at standard pressure and is determined by 
𝐸0 =  −
∆𝐺0
𝑓
2𝐹
             (1.5) 
where ∆𝐺0
𝑓
 is the change in molar Gibbs free energy of formation at standard pressure and at the actual 
operation temperature for the overall reaction (Eq. 1.3). 
 
1.4 SOFC performance evaluation 
There are two ways that are generally used to characterize the behavior of fuel cells and evaluate their 
performance. The first one is through the polarization curve, a steady-state analysis that gives the relation 
between voltage and current. The second one is the electrochemical impedance spectroscopy (EIS), 
where the inputs have an oscillating perturbation around a base value with different frequencies, and this 
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is helpful in the analysis of the contributions given by the various phenomena happening inside the 
system. 
 
 
1.4.1 Polarization curve 
The reversible potential 𝐸𝑟𝑒𝑣 is the maximum voltage that the fuel cell may theoretically deliver at given 
flow conditions. Equation 1.4 also indicates that not all the hydrogen can be utilized electrochemically, 
as 𝐸𝑟𝑒𝑣 approaches negative infinity for zero partial pressure of hydrogen.  
If a current is flowing, the voltage supplied at the electrodes will be different from the reversible potential 
due to losses (also called overpotentials). The reversible potential is therefore also called “open circuit 
voltage” (OCV). The dependency of these losses on temperature, current density and species 
concentrations mainly determine the characteristics of a fuel cell. Three main mechanisms of voltage 
losses exist: 
• Activation or polarization losses: at open circuit, no outer current is flowing. However, reactions 
are still taking place, but at equal rates in both directions. Just regarding the current which flows 
into one of the directions, we find the “exchange current density”. In order to achieve an outer 
current higher than this, an extra potential is required to achieve the desired reaction rate, called 
activation voltage. The voltage drop is increasing fast at low reaction rates and is from a certain 
level almost constant. Activation is the dominant source of loss for low temperature fuel cells, 
while its influence is smaller for SOFCs. 
• Ohmic losses: ohmic losses occur due to the resistance along the flow paths of electric and ionic 
current. At a given temperature and geometry, the voltage loss is proportional to the current. 
• Diffusion or concentration losses: reactants must flow through the porous electrodes to the TPB, 
and products must flow into the other direction, driven by diffusion. This implies that the 
concentration of reactants at the TPB is lower and the concentration of products is higher than in 
the bulk phase. Using TPB instead of the bulk concentrations in Equation 1.4, the calculated 
potential will be lower and the difference is called diffusion or concentration losses. The voltage 
drop increases with increasing current against an asymptotic maximum current. At this point, the 
concentration of one of the reactants at the TPB is zero and no further current increase is possible. 
 
Plotting the potential vs current behaviors of a SOFC results in what is called a polarization curve, where 
the effect of the different types of losses can be easily recognized (Figure 1.3). 
It is immediately evident that the system presents non-linear behavior at high and low values of current 
density, and acts like a resistor in between extremes. It must also be noted that these curves can be 
generated in two different ways, varying either the voltage (galvanostatic mode) or the current density 
(potentiostatic mode) and recording the value of the other variable. While in steady-state operations these 
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two processes give the same result, this is not true for transient regimes, because of different characteristic 
times of the various phenomena involved. 
 
Figure 1.3. Typical polarization curve, with sources of potential loss. 
 
1.4.2 Electrochemical impedance spectroscopy 
Impedance measures the opposition that a circuit presents to a current when a voltage is applied. It is the 
extension of the concept of resistance for alternative current circuits, and unlike resistance, which only 
possessed a magnitude, it has both a magnitude and a phase, and is represented by a complex number. 
EIS consists in using an input (either current or voltage, although galvanostatic mode is preferred in fuel 
cells [15]) that has small oscillating perturbations around a fixed value, with the frequency of these 
oscillations varying over time. Fuel cells have a behavior that is inherently non-linear; however, if the 
oscillations in the input are small, they act like pseudo-linear systems. By scanning the input with a wide 
range of frequencies, the response of the system can be recorded. This response for a given frequency 
will be the value of the output variable (voltage, in galvanostatic mode), shifted by a certain phase. As 
the input frequency varies, so does the phase shift. This is very helpful in identifying the effect of the 
phenomena involved: since those with long characteristic times will not perceive the effect of high-
frequency oscillations, they will not influence the impedance for that frequency. 
Impedance is defined as [16]: 
𝑍 =
𝑉0 sin(𝜔𝑡)
𝑖0 sin(𝜔𝑡+𝜑)
= 𝑍0
sin(𝜔𝑡)
sin(𝜔𝑡+𝜑)
         (1.6) 
By applying this signal over a spectrum of frequency, the magnitudes of various resistances and 
capacitances can be determined. It is expected that operating conditions, geometries, materials of 
construction, feed types and a variety of other fuel cell parameters will affect these impedances, just as 
they often affect cell power production.  
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Every value of the frequency gives a single point of impedance. To obtain an impedance spectrum, the 
frequency has to be varied over time (typically ranging from 0.1÷1 Hz to 1÷10 kHz). The plot of the 
imaginary vs. the real part of the impedance for all frequency values considered is called the Nyquist plot 
(Figure 1.4), and is characteristic of the system behavior, allowing the electrochemical phenomena 
analysis and their de-coupling [17]. 
 
 
Figure 1.4 Different types of Nyquist plots. Each point represents a specific frequency. 
 
In the Nyquist plot different arcs appear as a function of the phenomena occurring inside the cell (more 
precisely, their characteristic times: phenomena that operate on a similar timescale will be part of the 
same arc). This aspect will be analyzed in detail in Chapter 4. 
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Chapter 2 
Model details and equations 
 
SOFCs are devices where a variety of physical phenomena take place simultaneously: species and 
momentum transport, electro-chemical reactions, charge transport (both electric and ionic charge). In 
order to adequately represent such devices, a system of PDE (partial differential equations) and AE 
(algebraic equations) needs to be solved. This chapter describes the geometry of the system, its 
discretization and the equations involved. 
The program used to solve the system of equations has been COMSOL Multiphysics, a finite element 
simulation software. [18] 
 
2.1 Geometry 
In order to validate the accuracy of the model, the geometry of the cell is that of the Forschungszentrum 
Jülich F–design cell, which is among the most efficient, reliable and well–characterized cells currently 
produced [19]. This is an anode–supported planar cell, with LSM–YSZ cathode and Ni–YSZ anode, 
schematically represented in Figure 2.1. 
Figure 2.1. Representation of the cell modeled in the study. The cathodic side is at the 
top and the anodic side at the bottom. The thickness of the active layers is not to scale. 
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The whole three–dimensional structure of the stack is not represented in the electrochemical model: for 
computational reasons, only a 2D slice of a cell along the length L, representative of the repeating unit 
of the SOFC system, is considered (Figure 2.2). While this approach does not consider some details, such 
as the uneven distribution of gases and current under the ribs [20, 21], it is still able to capture the main 
characteristic phenomena occurring in the system, while at the same time keeping the computational 
costs reasonable. 
Figure 2.2. Geometry used in the simulation, with detail of the active layers (proportions are off for 
visualization purposes: the entire cell is 4.292 mm high and 90 mm long). 
 
In Figure 2.2, the bottom domain is the cathode channel, where air is fed, while the top domain is the 
anode channel, fed with hydrogen. The anodic supporting layer is formally part of the anode, being made 
of the same material (albeit with different porosity), and its purpose is to confer the cell structural 
integrity while not being an active part of the reactions itself. These three domains are by far the thickest, 
which is why a magnification is necessary to identify the other layers, which are the most important ones 
for the process. Above the cathode channel the current collector, then the cathode, the electrolyte and the 
functional part of the anode. The details and function of the different layers will be described in the 
following paragraph. 
The 3-D stack of cells considered is a square with nominal dimension 100mm x 100mm, where the active 
part is actually 90mm x 90mm, therefore the longitudinal dimension of the model is 90mm. 
 
2.1.1 Domains 
The channels for gas flow are empty, and the only relevant parameter is their height: the cathode channel 
is 1.5mm high, whereas the anode channel is slightly smaller, 1.2mm. 
As for the layers of the cell itself, we have, starting from the bottom, the cathode current collector, which 
is a porous layer of LSM whose purpose is to evenly distribute electric current along the surface of the 
electrode. It also adds some structural resistance to the cathodic side of the cell. 
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Then there is the cathode, a LSM/YSZ composite material, where the oxygen reduction reaction happens. 
The next layer is the electrolyte, which is a dense phase of pure YSZ that blocks the flow of gases and is 
electrically insulating, thus forcing the current to flow through an external circuit, while being able to 
conduct oxygen ions from the cathodic side of the cell to the anodic one. 
Above the electrolyte there is the functional layer of the anode, with a smaller porosity in order to 
maximize the length of TPB per unit volume, where the fuel is oxidized. 
Finally, there is a thick anodic layer that acts as structural support, while not taking part in the actual 
reactions. This layer needs to be porous enough to offer a small resistance to the diffusion of gases, while 
maintaining structural integrity. It is made of the same material as the actual anode only to minimize the 
chances of mechanical failure or delamination due to thermal expansion. 
The morphological and geometrical input parameters are reported in Table 2.1. 
 
Table 2.1. Details of the layers of the cell simulated in this study. 
Parameter 
Current 
collector 
Cathode 
functional 
layer Electrolyte 
Anode 
functional 
layer 
Anode 
supporting 
layer 
Material LSM LSM/YSZ YSZ Ni/YSZ Ni/YSZ 
Ψel 1 [22] 0.475* [22] 0.0 [22] 0.397# [23] 0.397# [23] 
ϕ 0.42 [24] 0.42 [22] 0.0 [22] 0.235 [23] 0.43 [23] 
Thickness [μm] 60 10 10 12 1500 
* Corresponding to LSM - YSZ 50 - 50% in weight. 
# The anodic layers are obtained by sintering NiO and YSZ particles, and then reducing NiO to 
Ni. The corresponding fraction of NiO - YSZ before reduction is 56 - 44% in weight. 
 
2.2 COMSOL modules 
The following modules have been used in the simulation. The equation that are solved by the software 
are detailed in the next paragraph. 
 
Free and Porous Media Flow. This is applied to the cathode side (cathode channel, current collector 
and cathode) and the anode side (anode channel, anode supporting and anode functional), and is used to 
compute fluid velocity and pressure fields of single-phase flow where free flow is connected to porous 
media. This module is well suited for transitions between slow flow in porous media, governed by the 
Brinkman equations, and fast flow in empty channels described by the Navier-Stokes equations. The 
required inputs are: 
 Fluid density 
 Fluid viscosity 
 Inlet velocity 
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 Inlet pressure 
 Porosity of the porous phase (or phases, if they have different porosity like in the anode side) 
 Permeability of the porous phase(s). 
 
Transport of Concentrated Species. Again this physics is applied to both the anode and the cathode 
side (meaning, everything above and below the electrolyte, including the gas channels). It is used to study 
gaseous mixtures where the species concentrations are of the same order of magnitude, and none of the 
species can be identified as a solvent. In this case, properties of the mixture depend on the composition, 
and the molecular and ionic interactions between all species need to be considered. The physics interface 
includes models for multicomponent diffusion, where the diffusive driving force of each species depends 
on the mixture composition, temperature, and pressure. Among the different option available to model 
the diffusion of the species, the Stefan-Maxwell model has been selected, since it is more accurate despite 
the increased computational cost. Results with other diffusion models like Fick’s law or mixture average 
differ in a slight but noticeable manner, making Stefan-Maxwell the preferred choice. An alternative 
approach to the diffusion mechanism would have been the dusty-gas model, which includes convection 
and both ordinary and Knudsen diffusion [25, 26]. This model has been found to be  more accurate in 
the prediction of mass transport in SOFC electrodes [27], but it is not available in the COMSOL module, 
and attempts to implement it via an external function caused numerical instability issues and had to be 
abandoned. The required inputs are: 
 Temperature 
 Pressure 
 Velocity field 
 Binary diffusion coefficients for hydrogen – water vapor on the anode side, and nitrogen – oxygen 
on the cathode side 
 Molecular weights of the species 
 Density equation of state (given the high temperature, ideal gas law is a very reasonable 
assumption). 
 
Secondary Current Distribution. This module defines the transport of charged ions in an electrolyte of 
uniform composition, as well as current conduction in electrodes using Ohm’s law in combination with 
a charge balance. It accounts for activation overpotentials, but it is possible to correct it with a term that 
also considers concentration overpotentials. It is applied to the whole cell (excluding the gas channels), 
although the reaction kinetics are only limited to the active layers (cathode and functional part of the 
anode). The required inputs are: 
 Electric and ionic conductivities of the different layers 
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 TPB length per unit volume (the module actually requires an active specific area, but it is possible 
to manipulate the equations in order to apply them to a length over volume) 
 Kinetic expressions for the electrochemical reactions. 
 
 
2.2.1 Coupling between modules 
The three modules used (actually, five, since the Free and Porous Media Flow and the Transport of 
Concentrated Species are used twice, once for the anode side and once for the cathode) are not 
independent from each other. Several inputs on a module are outputs of another one. Specifically: 
 The Free and Porous Media Flow modules have the density value that is determined by the results 
of the Transport of Concentrated Species modules, and the generation terms that depend on the 
local current density. 
 The current density itself is a function of the concentrations of species given by the Transport of 
Concentrated Species modules, coupling them with the Secondary Current Distribution module. 
 The Transport of Concentrated Species modules use pressure and velocity fields that are 
calculated through the Free and Porous Media Flow module. 
Figure 2.3 reports a schematic representation of the modules used in each domain, as well as the 
properties that couple the considered modules.  
 
a)              b) 
Figure 2.3. a) Representation of the modules used in each domain (a. ch = anode channel, as = anode 
supporting, af = anode functional, el = electrolyte, ca = cathode, cc = current collector, c. ch = cathode 
channel). b) Interactions between modules. PFMFj = Porous and Free Media Flow module (j = a, c), 
TCSj = Transport of Concentrated Species module (j = a, c), SIEC = Secondary Current Distribution 
module. 
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2.3 Assumptions, equations, boundary conditions, properties 
2.3.1 Assumptions 
The model uses the following assumptions, that allow to considerably simplify the equations while 
maintaining accuracy in the representation of the phenomena: 
 Fixed and even temperature. While the global reaction is an oxidation and therefore exothermic, 
the conversion is not very high, and does not influence the temperature significantly. In reality, 
cell stacks like these are kept at constant temperature in an oven, and the temperature inside the 
system can be considered uniform (high temperature gradients will likely damage the fragile 
ceramic materials). Investigations into temperature gradients inside the cell [28] proved 
experimentally that the increase in cell temperature with increasing current density (up to 1A/cm2) 
was quite similar in all the test conditions and restricted to 10–20°C with respect to the operating 
temperature at OCV. In addition, they verified that no particular variation in temperature between 
different cells within a stack was evident, and therefore the effect of larger thermal gradients 
could be neglected. Therefore, the conservation of energy has not been taken into account. 
 Ideal gas law. The cell operates at atmospheric pressure (at the inlet), and at high temperature 
(the base case is at a temperature of 800°C), so this assumption is quite reasonable. 
 Porous phase modeled as a continuum. The porous matrixes are consider isotropic and are 
characterized only by their porosity and permeability. Similarly, it is assumed that the length of 
TPB per unit volume is constant throughout the electrode (for the anode, only the functional part 
of the electrode is considered) 
 Steady-state or quasi steady-state. The simulations have been conducted either under constant 
inputs, or with small oscillations around a fixed value. Degradation of material properties over 
time has not been taken into account, despite the fact that currently SOFCs maintain their 
properties for a relatively short time (measured in months or years, not decades). 
 
2.3.2 Equations 
Free and Porous Media Flow module 
Momentum conservation equations in the Free and Porous Media Flow module consider Navier-Stokes 
equations for empty channels (Eqs. 2.1, 2.2), and Brinkman equation for the porous region (Eqs. 2.3, 
2.4), imposing continuity at the interface: 
ρ∇𝐮 = 0            (2.1) 
0 = −∇𝑃 + ∇𝜇(∇𝐮 + (∇𝐮)𝑇)         (2.2) 
ρ∇𝐮 = 𝑄𝑏𝑟            (2.3) 
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0 = −∇𝑃 + ∇ [
1
𝜀
{𝜇(∇𝐮 + (∇𝐮)𝑇) −
2
3
𝜇∇𝐮}] − (
𝜇
𝜅
+
𝑄𝑏𝑟
𝜀2
) u      (2.4) 
Qbr is a term that considers the productions and consumption of matter: in the porous matrix there is a 
reaction that violates the conservation of matter, since oxygen ions “disappear” from one channel and 
“reappear” on the other one, conducted by the solid phase, and this influences the momentum 
conservation equations. 
 
Transport of Concentrated Species module 
The transport of species is governed by the basic equation: 
𝛻(𝜌𝑤𝑖𝒖) = −𝛻𝒋𝒊 + 𝑅𝑖          (2.5) 
When using the Stefan – Maxwell diffusion model, the relative mass flux vector is: 
𝒋𝑖 = −𝜌𝑤𝑖 ∑ 𝐷𝑖𝑘𝒅𝑘
𝑄
𝑘=1           (2.6) 
This assumes to neglect thermal diffusion, and uses diffusion coefficients that are already considering 
the porosity of the porous matrix. The diffusional driving force, if forces for unit mass (like the effect of 
gravity or charged species in an electric field) are neglected, is expressed by: 
𝒅𝑘 = 𝛻𝑥𝑘 +
1
𝑃
[(𝑥𝑘 − 𝑤𝑘)𝛻𝑃]         (2.7) 
The rate of production/consumption of species is: 
𝑅𝑖 = 𝑀𝑊𝑖 ∑ 𝑎𝑚
𝜈𝑖,𝑚𝑖𝑚
𝑛𝑚𝐹
𝑚           (2.8) 
Notice that the software requires a value for the current surface density and for the specific area for the 
reaction. The nature of the reaction in a SOFC implies that the reaction takes place on a length per unit 
volume, and is driven by a current linear density. However, multiplying one term and dividing the other 
for the same arbitrary length, the end result is identical and can be implemented in the model without 
requiring an overhaul of the equations used by it. 
 
Secondary Current Distribution module 
The transport of charged species is assumed to follow Ohm’s law, both for electric and ionic conduction. 
At the anode, for the electrons: 
𝛻𝑁𝑒 = 𝑎𝑎
𝑖𝑎
𝐹
            (2.9) 
𝑁𝑒 =
𝜎𝑒𝑙,𝑎𝜒𝑒𝑙,𝑎
𝑒𝑓𝑓,𝑎
𝐹
𝛻𝑉𝑒𝑙,𝑎           (2.10) 
Once again the first equation can be used also with a current linear density and a length for unit volume. 
In an analogous manner, for the oxygen ions the governing equations are: 
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𝛻𝑁𝑂 = 𝑎𝑎
𝑖𝑎
2𝐹
            (2.11) 
𝑁𝑂 =
𝜎𝑖𝑜𝜒𝑖𝑜
𝑒𝑓𝑓,𝑎
2𝐹
𝛻𝑉𝑖𝑜           (2.12) 
In both sets of equations the effective conductivity takes into account that in a porous matrix the 
conductivity is significantly lower than what it would be in a dense medium. Equations 2.9 - 2.12 apply 
to both the supporting and the functional layer of the anode (with different values for intrinsic properties). 
For the cathode, the conduction of species is given by: 
𝛻𝑁𝑒 = −𝑎𝑐
𝑖𝑐
𝐹
           (2.13) 
𝑁𝑒 =
𝜎𝑒𝑙,𝑐𝜒𝑒𝑙,𝑐
𝑒𝑓𝑓,𝑐
𝐹
𝛻𝑉𝑒𝑙,𝑐           (2.14) 
𝛻𝑁𝑂 = 𝑎𝑐
𝑖𝑐
2𝐹
            (2.15) 
𝑁𝑂 =
𝜎𝑖𝑜𝜒𝑖𝑜
𝑒𝑓𝑓,𝑐
2𝐹
𝛻𝑉𝑖𝑜           (2.16) 
The current collector is a purely electric conducting phase, with no TPB and no consequent production 
or consumption of species, therefore the only equation governing it is: 
𝑁𝑒 =
𝜎𝑒𝑙,𝑐𝜒𝑒𝑙,𝑐
𝑒𝑓𝑓,𝑐𝑐
𝐹
𝛻𝑉𝑒𝑙,𝑐           (2.17) 
For the electrolyte, only ionic conduction is considered since it is an electrical insulator (the material of 
which the electrolyte is made actually has a very small electric conductivity, but this is so small that the 
current flows almost exclusively through the external circuit, and therefore its value has been neglected 
in the model): 
𝛻𝑁𝑂 = 0            (2.18) 
𝑁𝑂 =
𝜎𝑖𝑜
2𝐹
𝛻𝑉𝑖𝑜            (2.19) 
The current densities values that appear in the transport equations above are determined by the reaction 
kinetics. At the anode, the kinetic expression is a modified version of the Butler-Volmer equation, in 
which the current density is a function of the anodic activation overpotential [29, 30]. There is also a 
term correcting the equation for the hydrogen adsorption/desorption equilibrium (which is a constant, at 
a given temperature): 
𝑖𝑎 = 𝑖0𝑎 {exp [(1 + 𝛼𝑎)
𝐹𝜂𝑎
𝑅𝑇
] − exp [(1 − 𝛽𝑎)
𝐹𝜂𝑎
𝑅𝑇
]}       (2.20) 
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𝑖0𝑎 = 𝑖0𝑎
𝑟𝑒𝑓
exp [−
𝐸𝑎
𝑎𝑐𝑡
𝑅
(
1
𝑇
−
1
𝑇𝑎
𝑟𝑒𝑓)]
(
𝑃𝑎𝑦𝐻2
𝑃𝐻2
∗ )
1−𝛼𝑎
2
(
𝑃𝑎(1−𝑦𝐻2
)
𝑃𝑎𝑡𝑚
)
1+𝛼𝑎
2
1+(
𝑃𝑎𝑦𝐻2
𝑃𝐻2
∗ )
0.5      (2.21) 
𝑃𝐻2
∗ =
𝐴𝑑𝑒𝑠Γ
2
√2𝜋𝑅𝑇MW𝐻2
𝛾0
exp (−
𝐸𝑑𝑒𝑠
𝑅𝑇
)         (2.22) 
𝜂𝑎 = −
𝑅𝑇
2𝐹
ln (
𝑦𝐻2,𝑖𝑛
𝑦𝐻2
1−𝑦𝐻2
1−𝑦𝐻2,𝑖𝑛
) − (𝑉𝑖𝑜 − 𝑉𝑒𝑙,𝑎)        (2.23) 
A similar approach is used at the cathode side for the description of the oxygen reduction reaction. Here 
a Butler–Volmer expression is used [31] where the exchange current density depends on the local oxygen 
partial pressure, while the activation overpotential comprises both the potential difference between 
conducting phases and the equilibrium potential step. The sign convention is coherent with the one used 
in Eq. 2.20, that is, a positive activation overpotential leads to a positive current density representative 
of oxygen consumption: 
𝑖𝑐 = 𝑖0𝑐 {exp [(1 + 𝛼𝑐)
𝐹𝜂𝑐
𝑅𝑇
] − exp [(1 − 𝛽𝑐)
𝐹𝜂𝑐
𝑅𝑇
]}       (2.24) 
𝑖0𝑐 = 𝑖0𝑐
𝑟𝑒𝑓
exp [−
𝐸𝑐
𝑎𝑐𝑡
𝑅
(
1
𝑇
−
1
𝑇𝑐
𝑟𝑒𝑓)] (
𝑃𝑐 𝑦𝑂2
𝑃𝑂2
𝑟𝑒𝑓 )
𝜁
        (2.25) 
𝜂𝑐 = −
𝑅𝑇
4𝐹
ln (
𝑃𝑖𝑛𝑦𝑂2,𝑖𝑛
𝑃 𝑦𝑂2
) − (𝑉𝑒𝑙,𝑐 − 𝑉𝑖𝑜)        (2.26) 
It is worth noticing that while Eqs. 2.1 – 2.19 are valid for any SOFC with porous composite electrodes 
and no mixed (i.e. ionic and electric) conduction, Eqs. 2.20 – 2.26 are strictly valid for the couples of 
materials considered, i.e. Ni/YSZ and LSM/YSZ, since they represent global kinetic expressions derived 
and validated exclusively for those materials. 
 
2.3.3 Boundary conditions 
At the inlet of the channels, boundary conditions are pressure, velocity and hydrogen or oxygen molar 
fraction. Open boundary conditions at the outlets are used. For the cell, at the electrolyte-electrode (anode 
or cathode) interface no-flux conditions are applied to gas species and electrons, given that the electrolyte 
is a dense, electrically insulating material. Similarly, no-flux for oxygen ions is applied to the supporting  
 
anode – anode channel interface, and the cathode – current collector interface (the current collector is 
made of a purely electrical conductor). 
The absolute electric potential is determined up to an additive constant, and therefore the potential at the 
current collector – cathode channel interface is set arbitrarily at 0. At the anode side (supporting anode – 
anode channel interface), the cell potential Vcell is imposed as a boundary condition. Specifically, the 
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electric potential of the electron – conducting phase is set as Vela = ηcell, where ηcell represents the cell 
overpotential, defined as: 
𝜂𝑐𝑒𝑙𝑙 = 𝑂𝐶𝑉 − 𝑉𝑐𝑒𝑙𝑙           (2.27) 
The OCV is given by the Nernst equation [1]: 
𝑂𝐶𝑉 = 𝐸0 −
𝑅𝑇
2𝐹
ln [
1−𝑦𝐻2,𝐼𝑁
𝑦𝐻2,𝐼𝑁
(
𝑃𝑐,𝐼𝑁
𝑃𝑐,𝐼𝑁∙𝑦𝑂2,𝐼𝑁
)
1
2⁄
]        (2.28) 
It is worth noting that Vela = ηcell = 0 at open circuit conditions. Similarly, the electric potential of the ion 
– conducting phase Vio is the relative potential that equals 0 at open circuit conditions. Using reference 
potential corresponds to shifting them by a constant reference [32], which does not influence the output 
of the model. 
The model validation is performed against experimental polarization curves [35] obtained with the 
operating conditions reported in Table 2.2, which are therefore those used for the base case in this study.  
 
Table 2.2. Operating conditions used for model validation against literature data. 
Parameter Value 
T 800°C 
Pa,IN 1 atm 
Pc,IN 1 atm 
yH2,IN 0.965 
yO2,IN 0.210 
vfuel * 1.617 m/s 
vair * 3.639 m/s 
* these correspond to flow rates of 8 NL/min and 10 NL/min for fuel and air 
respectively. 
Table 2.3 contains the permeability, the effective conductivity factors and the length of TPB per unit 
volume in the different layers. Note that the electrolyte parameters are not there since the effective 
conductivity is 1 and the permeability is 0 (it is a dense phase), and there is no TPB. 
 
Table 2.3. Microstructural properties for the cell layers (n/a means not available, but 
irrelevant for the study since there is no reaction or ion conduction in the supporting 
anode layer) 
Parameter 
Current 
collector 
Cathode 
Anode 
Functional 
Anode 
supporting 
κ 1.874 · 10-1 [36] 2.557 · 10-4 [36] 1.667 · 10-4 [36] 1.2 · 10-2 [37] 
𝜒𝑒𝑙
𝑒𝑓𝑓
 0.1944 [36] 0.0095[36] 0.0282 [36] 0.0346 [37] 
𝜒𝑖𝑜
𝑒𝑓𝑓
 / 0.0382 [36] 0.1239 [36] n/a 
λTPB / 4.608 3.243 n/a 
 
These boundary conditions mathematically close the model. In addition, several expressions have been 
used to calculate physical and electrochemical properties. Those expressions, and a series of parameters 
specific to the materials considered, are reported in Table 2.4. 
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Table 2.4. Physical and electrochemical properties for the gas species (H2, O2, H2O, N2) 
and conducting materials (LSM, YSZ, Ni) used in this study. 
Parameter Value or Expression Reference 
Gas phase properties 
μa 
𝑦𝐻2𝜇𝐻2𝑀𝐻2
0.5 + (1 − 𝑦𝐻2)𝜇𝐻2𝑂𝑀𝐻2𝑂
0.5
𝑦𝐻2𝑀𝐻2
0.5 + (1 − 𝑦𝐻2)𝑀𝐻2𝑂
0.5
 
𝑘𝑔
𝑚 ∙ 𝑠
  [32] 
μc 
𝑦𝑂2𝜇𝑂2𝑀𝐻2
0.5 + (1 − 𝑦𝑂2)𝜇𝑁2𝑀𝑁2
0.5
𝑦𝑂2𝑀𝑂2
0.5 + (1 − 𝑦𝑂2)𝑀𝑁2
0.5
 
𝑘𝑔
𝑚 ∙ 𝑠
 [32] 
𝐷𝐻2,𝐻2𝑂 
0.0143 ∙ 𝑇1.75
𝑃𝑎(6.121 3
⁄ + 13.11 3⁄ )2
√
1 𝑀𝐻2+ 1 𝑀𝐻2𝑂⁄⁄
2000
   
𝑚2
𝑠
 [32] 
𝐷𝑂2,𝑁2 
0.0143 ∙ 𝑇1.75
𝑃𝑐(16.31 3
⁄ + 18.51 3⁄ )2
√
1 𝑀𝑂2+ 1 𝑀𝑁2⁄⁄
2000
   
𝑚2
𝑠
 [32] 
Solid phase properties 
σela (Ni) 3.27 ∙ 106 − 1065.3 ∙ 𝑇   
𝑆
𝑚
 [33] 
σelc (LSM) 8.855 ∙ 107
exp (−
1082.5
𝑇 )
𝑇
   
𝑆
𝑚
 
[33] 
σio (YSZ) 3.34 ∙ 104 exp (−
10300
𝑇
)   
𝑆
𝑚
 [33] 
E0 (800°C) 0.978 V [1] 
Anode kinetics 
𝑖0𝑎
𝑟𝑒𝑓
 4.092 ∙ 10−2   
𝐴
𝑚
 [29] 
αa 0.3 [29] 
βa 0.7 [29] 
𝐸𝑎
𝑎𝑐𝑡  120  
𝑘𝐽
𝑚𝑜𝑙
 [31] 
𝑇𝑎
𝑟𝑒𝑓
 700°C [29] 
Ades 5.59 ∙ 1015    
𝑚2𝑠
𝑚𝑜𝑙
 [34] 
Edes 88.12   
𝑘𝐽
𝑚𝑜𝑙
 [34] 
Γ 2.6 ∙ 10−5    
𝑚𝑜𝑙
𝑚2
 [34] 
γ0 0.01 [34] 
Cathode kinetics 
𝑖0𝑐
𝑟𝑒𝑓
 2.5 ∙ 10−4   
𝐴
𝑚
 [20] 
αc 1.5 [20] 
βc 0.5 [20] 
𝐸𝑐
𝑎𝑐𝑡  140  
𝑘𝐽
𝑚𝑜𝑙
 [20] 
𝑇𝑐
𝑟𝑒𝑓
 945°C [20] 
𝑃𝑂2
𝑟𝑒𝑓
 0.21 atm [20] 
ζ 0.375 [20] 
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For the simulations under perturbations, the potential imposed as a boundary condition oscillates with 
time, according to the law: 
𝑉𝑐𝑒𝑙𝑙,𝑡 = 𝜂𝑐𝑒𝑙𝑙 + Δ𝑉 exp(−𝑖𝜔𝑡)         (2.29) 
As discussed, V is small enough (10 mV) that the system response to the perturbation is pseudo – linear. 
 
2.4 Meshing 
COMSOL is a finite element solver, which means that the domain is discretized into small sub – domains  
in which PDEs are locally approximated to AEs for steady – state problems and ODEs for transient 
problems. 
In this study, the longitudinal gradients are less important that the transversal ones, so a mapped 
rectangular mesh with a prevalent dimension along the length of the cell has been selected. To more 
carefully represent the transitions at the interfaces, which proved to be critical for the numerical stability 
of the model, the height of the mesh decreases the closer the sub – domains are to the interfaces (Figure 
2.4). This allowed for a detailed description of the system without adding too much computational cost 
(a total of 46,000 domains has been mapped). 
 
 
                    af 
 
 
                    el 
 
 
                    ca 
 
 
Figure 2.4. Meshing of the central layers of the cell (as = anode supporting, af = anode functional, 
el = electrolyte, ca = cathode, cc = current collector), with a detail of the anode – electrolyte – 
cathode interfaces to highlight the increased detail of description close to the interfaces. 
 
Sensitivity analyses on the number of domains showed that adding more detail does not improve the 
results, meaning that the selected meshing is adequate to describe the system accurately. In particular, 
quadrupling the domains to 184,000 (halving the domain sizes in both directions) yielded results which 
were indistinguishable from those detailed in the following Chapters. 
 
Chapter 3 
Model validation and parametric analysis 
 
In this chapter the model used in this study is first validated against experimental data, and then used to 
predict the effect that modifying certain parameters has on the cell performance. 
First, however, it is useful to discuss in more detail the polarization curves, which will be the tools used 
to evaluate performance in this chapter. 
 
3.1 Polarization curve 
At open circuit conditions, a fuel cell (or, in general, any electrochemical device) displays an 
electromotive force that corresponds to the variation of free energy of the global reaction, divided by the 
number of exchange electrons and Faraday’s constant. When the circuit is closed and current starts to 
flow through the system, this is no longer in equilibrium and a phenomenon called polarization ensues, 
which reduces the available electromotive force. The difference between the actual cell potential and the 
theoretical, reversible potential is called overpotential. It is worth noticing that the cell overpotential is 
the sum of the overpotentials at the two electrodes, although the contribution of each electrode to the 
total overpotential is not immediately discernible. 
Conduction of electrons and oxygen ions, that start to flow once the circuit is closed, is subjected to 
internal electrical resistances. These can be independent on the flow of current (ohmic resistance of the 
electrodic and electrolytic materials) or dependent on it (electronic transfer and matter transfer). 
Therefore, while ohmic resistance is a relevant factor regardless of the exchange current density, other 
phenomena are more prevalent at low or high current densities. A breakdown of the various contributions 
and be see in Figure 3.1. 
One resistance that is always relevant, but more so at low current densities, is the activation overpotential. 
This is due to the resistance to the transfer of electrons in the electrochemical reactions, which means the 
slow speed of the reactions (since current density is the driving force of said reactions, it is to be expected 
that this source of potential loss is more relevant at low current densities). Activation overpotentials exist 
for both the anode and the cathode. However, the oxygen reduction is by far the slower process, and 
contributes to almost the totality of activation losses. In fuel cells operating at lower temperature (i.e. 
lower reaction rates), the activation losses are the dominant contribution to the total overpotential. While 
the high operating temperature in SOFCs leads to faster reactions and therefore smaller activation 
overpotentials, the contribution of electron transfer to the total potential losses is still significant. 
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Figure 3.1. Breakdown of potential losses into the contributions of activation 
overpotential, ohmic resistance and concentration overpotential. 
At high current densities, there is another source of potential losses, associated with the transport of 
species via diffusion that cannot match the high reaction rates, called concentration (sometimes diffusion 
or mass transport) overpotential. When the circuit is open, the concentration of reacting species at the 
TPB is constant (the system is in dynamic equilibrium, so the rates of consumption and production are 
the same). When current flows, this leads to a concentration gradient near the electrode, which means 
that the reactants have to diffuse through the porous matrix towards the TPB in order to react. Therefore, 
the concentration at the TPB will be much smaller than the one in the bulk. The larger the exchange 
current, the faster the electrochemical reaction is and the larger the concentration gradient becomes, so 
the contribution of concentration overpotential becomes more pronounced. 
These contributions are reflected in the shape of the polarization curve like Fig 3.1, which is a plot of the 
cell voltage vs. the current density. This is fairly linear in the central part, while at low current densities 
the shape is heavily influenced by the activation overpotential, and at high densities by the concentration 
overpotential. 
In order to obtain an experimental polarization curve, the cell has to be operated at different values of 
either current or voltage, recording the values of other variable. As noted in Chapter 1, this can be done 
in galvanostatic mode (varying the current) or potentiostatic mode (varying the voltage). For steady-state 
operations, which are the conditions in which the polarization curve is measured, these two modes give 
the same results. The model implemented in this study also operates under stead-state assumptions in 
determining polarization curves, although it is coded for potentiostatic mode. 
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3.2 Model validation 
In order to ensure that the model developed in this study accurately represents the physical phenomena 
involved in a fuel cell, it has to be compared to experimental data. The geometry of the system is that of 
a well-know and studied commercial fuel cell, the Forschungszentrum Jülich in the F design, and the 
operating conditions used as boundary conditions as detailed in the previous Chapter have been chosen 
to match those used in experimental tests with this type of cell [35]. This allows for a direct comparison 
between the experimental polarization curve and the simulated one. The results of this comparison are 
shown in Figure 3.2.  
Figure 3.2. Simulated polarization curve and comparison with experimental data. 
There is some difference with experimental data, probably due to a few of the assumptions and 
simplifications of the simulation as well as the use of the Stefan – Maxwell diffusion model instead than 
the more accurate dusty – gas model, but the representation of the physical behavior is adequate enough 
to affirm that the model can be used as a valuable tool in the design and optimization of fuel cells. 
It is worth mentioning that this is not a fitting. There are no adjustable parameters that have been fitted 
to the experimental data, the simulated polarization curve is exclusively a product of the geometry, the 
operative conditions, the microstructural data and the kinetic parameters, all of which are an input to the 
simulation. The relative accuracy with which the experimental data are reproduced without the need for 
adjustable parameters is a good indication that the model is able to adequately reproduce the phenomena 
occurring inside the cell. 
Another indication of the model’s accuracy can be obtained by plotting the fuel molar fraction in the 
channel, and confronting the exit value with literature data containing a value for the fuel utilization 
factor [38]. This quantity is defined as the sum of the molar flow rates of every species that could act as 
a fuel at the inlet, multiplied by its enthalpy, and divided by the same quantity at the outlet. It os mainly 
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useful when different fuels are fed to the cell, or when internal reactions like reforming transform one 
fuel into another. For a single fuel like the one used in these simulations, this becomes the fuel 
conversion. For this comparison, the operating conditions for the model have been varied from those 
detailed in Chapter 2 to match those that were used to obtain experimental data (in particular, an excess 
of oxygen was used). The results of the simulation can be seen in Figure 3.3. 
 
Figure 3.3. Hydrogen molar fraction in the anode side of the cell 
This composition profile is in agreement with a data of 0.408 for the fuel utilization factor (meaning the 
hydrogen conversion, since there are no other species that can act as fuels in the channel). Using a 
boundary probe to integrate the species flow rate over the entire section of the anode channel outlet, and 
calculating the hydrogen conversion (the flow rate of fuel at the inlet is known, velocity and composition 
are inputs of the simulation), the resulting value is 0.39016, slightly different from the experimental data 
but within a reasonable margin of error. 
 
3.3 Overpotential breakdown 
Normally, when conducting experiments, only the total polarization curve can be obtained. Although the 
causes of the non-linearity of the curve are known, it is not easy to break down the various contributions. 
There are however theoretical models that isolate the contributions of overpotentials. A simplified one 
is: 
 Activation overpotential [39]: 
𝜂𝑎𝑐𝑡 =
𝑅 𝑇
1.4 𝐹
ln (
𝑖
𝑖𝑎𝑐𝑡
)          (3.1) 
 Ohmic overpotential: 
𝜂𝑜ℎ𝑚 = 𝑅𝑜ℎ𝑚 ∙ 𝑖           (3.2) 
 Concentration overpotential [40]: 
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𝜂𝑐𝑜𝑛𝑐 = −
𝑅 𝑇
2 𝐹
ln (1 −
𝑖
𝑖𝑐𝑜𝑛𝑐
)         (3.3) 
 Total cell polarization 
𝑉𝑐𝑒𝑙𝑙 = 𝑂𝐶𝑉 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑐𝑜𝑛𝑐        (3.4) 
This model includes 3 adjustable parameters. However, these can be obtained by the fitting of the 
simulated curve, whose validity has already been verified against experimental data. This allows to break 
down the various contributions. Furthermore, the model can extend the polarization curve beyond the 
inputs used in the literature data used to validate it. Results of this are reported in Figure 3.4. 
Figure 3.4. Contributions to the total overpotential. 
 
Figure 3.4 is qualitatively equivalent to Figure 3.1, which was used to illustrate the concept of 
overpotentials. However, this breakdown is quantitative in nature, resulting from the actual model of the 
cell. The activation overpotential obviously plays a big role in the total losses, especially at low current 
densities. At higher current densities, the contribution of the concentration overpotential becomes more 
relevant, and the deviation from linearity can be seen more clearly than in Figure 3.2. 
Since fuel cells’ purpose is to generate electrical power, it can also be useful to plot the power density 
generated (voltage · current density) vs. the current density. This is done in Figure 3.5. 
It is worth noticing that the power generated reaches a maximum value, and the decreases. This is due to 
potential losses from concentration gradient becoming more and more relevant at high current densities, 
so a small increase in current density is associated with a rather large drop of cell voltage, resulting in 
less power produced. It also means that there is an optimal current density (or potential) at which to 
operate the cell. This was not immediately clear by looking at the data used to validate the model [35], 
as the available current density values were all in the region where power increases with current density. 
There is however a reason why the current density should not exceed a certain value, and the potential in 
the  experimental  data  was  not  set  below  0.6 V, and that is the reoxidation of the anode at high current 
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Figure 3.5. Power density output vs. current density. 
densities [41]. At lower potentials, the oxygen ions conducted through the ion-conducting phase can react 
with nickel particles in the composite anode, oxidizing them to NiO instead of reacting with the hydrogen. 
Different materials like miec (mixed ionic and electronic conductors) could obviate to this problem. 
 
3.4 Parametric analysis 
Having verified the validity of the model, it is now possible to use it to predict how changing certain 
parameters would influence the performance of the cell, in order to focus on the most relevant aspects 
when designing new materials and configurations. Several aspects will be investigated: 
 Operating conditions: temperature, gas inlet velocity, fuel gas composition; 
 Variations in the materials or geometry of the cell (conductivity, kinetic parameters, thickness of 
the active layers, porosity). 
 
3.4.1 Temperature 
The model has been operated at the temperatures of 750, 800 and 850°C (with 800 being the base case), 
and all other parameters maintained constant. The effect can be seen in Figure 3.6. 
As can be expected, increasing temperature also increases the performance of the cell, since it promotes 
most of the processes in the cell: kinetics, matter transport via diffusion, and ionic conduction. However, 
this is not true at low current densities: the OCV is actually higher at lower temperature, according to 
Nernst’s equation, and for i < 1500 A/m^2, low temperatures are preferred.  Given the results of figure 
3.5, though, it is advantageous to operate at much higher current densities than that, so the generalization 
that increasing temperature also increases cell performance is justified. There is an engineering limit to 
the operating temperature, although the model does not represent it: fuel cells are particularly subjected 
to  degradation  of  properties  over  time,  and  while  higher  temperatures lead to a more efficient power 
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          a)                    b) 
Figure 3.6. a) Polarization curves parametric in the temperature. 
b) Magnification of the zone where the curves cross each other. 
output, they also reduce the lifespan of the cells considerably [38]. 
One final consideration regards the validity of the assumption of uniform temperature inside the cell. 
Experimental investigations of temperature gradients inside the cell lead to difference of less than 20°C 
[28]. Considering that for a reasonable value of current density, 15000 A/m^2, increasing or decreasing 
temperature by 50°C changes the value of the potential by less than 7%, this means that the temperature 
gradients that can be expected inside the cell do not significantly affect the results. 
 
3.4.2 Inlet velocity 
Instead of changing the inlet velocity in only one of the channels, the ratio va / vc has been maintained 
constant, so that only transport phenomena are affected by a different flow rate value. As said in Chapter 
2, the inlet velocities in the anode and cathode channel of the commercial cell considered are 1.617 and 
3.639 m/s respectively, corresponding to volumetric flow rates of 8 and 10 NL/min. These values have 
been multiplied by 0.75 and 0.5, the resulting polarization curves are reported in Figure 3.7. 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. Effect of inlet velocity (constant velocity ratio between the anode and the cathode 
channel) on the polarization curve. 
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Reducing gas velocities reduces the performance of the cell considerably. This is due to the reduced feed 
of reactants: at a given i, (i.e. given consumption rates), the molar fractions of hydrogen and oxygen at 
the TPB decrease, which in turn leads to larger concentration overpotentials (as can be seen from Eqs. 
2.23 and 2.26). 
In this analysis, the molar ration between oxygen and hydrogen flow rates has been kept constant, at 
rO2/H2 = 0.272. Next, the effect of changing the air flow rate while keeping the fuel flow rate constant has 
been examined. This means that there will be a contribution due to velocity, and one to different 
oxygen/hydrogen ratio, although the effect of velocity has already been evaluated. This is the only way 
to evaluate different species ratios, since for economic reasons enriched air is never used in fuel cells. 
Despite being the value for which polarization data were available, it is unusual to have a molar ratio 
lower than 0.5 (which would be the stoichiometric value), and cells are usually operated with an excess 
of air, since there is an economic value in recovering unreacted hydrogen, while this is not true for 
unreacted oxygen [1]. In this simulation, the fuel flow rate has been maintained constant at 8 NL/min, 
while the air flow rate has been set at 10 (base case), 20 and 30 NL/min, corresponding to oxygen-to-
hydrogen ratios of 0.272, 0.544 and 0.816 respectively. It is worth noticing that even the higher value 
does not influence the flow regime, since Re < 200. Results are reported in Figure 3.8. 
 
Figure 3.8. Effect of increased oxygen-to-hydrogen ratio. 
At any given current density, Vcell increases as rO2/H2 increases, for the same reason that in Fig. 3.7 
lowering the inlet velocities lowered the polarization curve: because increasing bulk velocity reduces 
concentration overpotentials, and while in this latter case this only applies to the cathode side, the effect 
is still noticeable, although not as impactful as varying the velocity on both sides. Over a rO2/H2 value of 
0.5, however, the gain is minimal, because oxygen concentration tends to become more uniform in the 
cathode (hydrogen is the limiting reactant). This means that beyond a certain value, when concentration 
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overpotentials at the anode are minimized, the air flow rate does not influence the cell performance 
anymore, and can therefore be used to control the temperature in the system [42]. 
 
3.4.3  Fraction of steam in the fuel side 
The effect of a higher molar fraction of water in the fuel feed has been analyzed. The predicted behavior 
is that lowering the molar fraction of hydrogen in the feed would decrease the effectiveness of the cell, 
because it would lower the OCV according to the Nernst equation (Eq. 2.28). For this simulation, the 
hydrogen molar fraction has been set to 0.965 (base case), 0.9 and 0.85, while maintaining the other 
operating conditions (including the fuel flow rate). Results are shown in Figure 3.9. 
Figure 3.9. Effect of water vapor in the fuel feed. 
 
As expected, the OCV is lower at lower hydrogen molar fractions in the feed. However, the gap decreases 
at higher current density values. There are two factors that contribute to this behavior. First, Eq. 2.21 
predicts that a decrease in the molar fraction of hydrogen will decrease i0a, which reduces the anode 
overpotential at a given current density. Second, a lower hydrogen molar fraction reduces the absolute 
value of the equilibrium potential step in Eq. 2.23, further reducing ηa. This agrees with previous research 
into Ni/YSZ electrodes: some groups [43, 44] have experimentally proven the catalytic effect of water 
on the kinetic rate of hydrogen oxidation, while others [45, 46] have focused on concentration effects. 
Since the model is able to reproduce such behavior, this further attests the validity of the description of 
electrochemical and physical processes. 
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3.4.4 Ionic conductivities 
Using materials different from those considered in the model influences several parameters, from gas 
transport via diffusion (different porosity and tortuosity), to the reaction kinetics (the kinetic expressions 
used were valid exclusively for Ni/YSZ and LSM/YSZ electrodes) to the electronic and ionic conduction. 
However, it may be helpful to see the contribution that material properties give to the total polarization 
curve. 
Varying the conductivity of the materials is a first step in doing so. First, only the results for ionic 
conductivities are reported: the resistance to the transfer of oxygen ions is 4 to 5 orders of magnitude 
greater than the electronic resistance, and varying the latter does not change the polarization curve in any 
appreciable way. Second, this analysis does not consider other properties that are likely to change with 
the use of different materials, which will be investigated in the following paragraphs. 
The value for ionic conductivity has been set to half and twice the base case value for each layer 
(functional anode, cathode, electrolyte). Ionic conductivities are also a function of temperature, but this 
variable has been kept constant in this analysis. Results are reported in Figure 3.10. 
               a)                                               b) 
 c) 
Figure 3.10. Effect of ionic conductivity of the electrolyte (a), cathode (b) and anode (c) layers. 
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The most relevant effect is associated with a variation in conductivity in the electrolyte layer. This is 
likely because the dense electrolyte phase is the most important contribution to ohmic overpotential. 
Furthermore, the reactions occur inside the electrodes, so the ions do not generally have to migrate 
through the whole thickness of the ion-conducting phase, while they do have to cross the entire section 
of the electrolyte. 
 
3.4.5 Kinetic parameters 
In the previous paragraph the effect of ionic conductivity has been considered, this paragraph will explore 
the effect of kinetic parameters. Different materials will have different kinetics for the electrochemical 
reactions taking place inside the electrodes. It is worthwhile to investigate the effect of the reaction 
kinetics on the overall performance, so that research on new materials can focus on the most relevant 
aspect to improve the power output. In particular, the reference exchange currents per unit of TPB length, 
used in Eqs 2.21 and 2.25 for the anode and cathode reaction respectively, will be increased, leading to 
faster reaction rates. Results are reported in Figure 3.11. 
a)               b) 
Figure 3.11. Effect of reference exchange current per unit of TPB length, for the hydrogen oxidation 
reaction (a) and the oxygen reduction reaction (b). 
 
The first consideration that can be drawn from this analysis is that the cathode kinetics influence the 
overall performance of the cell in the most relevant way, as was to be expected since the oxygen reduction 
reaction is the slowest one. Another consideration is that improving anode kinetics has diminishing 
returns, which is consistent with the oxygen reduction reaction being the limiting step. 
This result means that, in researching new materials, it can be a good trade-off to have lower ionic 
conductivity at the cathode in exchange for faster oxygen reduction kinetics. 
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3.4.6 Layers thickness 
Material properties are not the only non-operating condition that influences the performance of the cell. 
The geometry used in the study reflects a commercial cell that uses very well known materials for the 
electrodes, but when researching into new materials, it becomes important to optimize the constructive 
parameters of the cell in which they are to be used as well. In this paragraph, the effect of anode and 
cathode thickness will be investigated. The effect of the electrolyte thickness can be immediately 
understood without a simulation, and was not considered: the electrolyte should be as thin as possible to 
minimize ohmic resistances (as seen in paragraph 3.4.4, this contributes to the ohmic overpotential more 
than the electrodes do), the lower limit being purely technological in nature (ensuring gas sealing and 
electrical insulation with as thin a layer as can be reliably manufactured). 
In this analysis, the thickness of the cathode and the functional layer of the anode has been multiplied 
and divided by a factor of 2 (in the base case, the anode is 12 μm thick, and the cathode 10 μm). Results 
are presented in Figure 3.12. 
            a)                    b) 
Figure 3.12. Effect of changing the thickness of the cathode (a) and the anode (b). 
In order to interpret these results, the actual active thickness of the electrode has to be considered. Fig. 
3.12a shows that reducing the cathode thickness severely reduces the output of the cell, because it reduces 
the active sites for the reaction. Following this result, one might expect that increasing the thickness will 
improve the performance, while the simulation shows the opposite. That is due to the fact that the reaction 
is localized near the cathode – electrolyte boundary, the active area is thinner than the actual electrode, 
and therefore increasing its thickness does not increase reaction rate. If anything, it introduces a small 
resistance to diffusion, that increases the concentration overpotential at higher current densities. 
Fig 3.12b shows a different behavior for the anode. Here, increasing the thickness introduces more 
concentration overpotential as was to be expected, while reducing the thickness does not reduce the cell 
performance, it actually increases it very slightly (especially at high current densities, this is again due 
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to the lower concentration overpotential). This means that the active part of the anode is much thinner 
than the electrode itself, and so reducing the thickness does not reduce the active sites for the reaction, 
because those are located in the region closer to the electrolyte. This has been further confirmed by 
studies focused on experimentally identified microstructural characteristics [22]. Further reducing the 
thickness so that it is smaller than the active area would lead to a severe reduction in effectiveness as was 
seen for the cathode. 
Since the active part of the anode is much thinner than the electrode itself, the assumption that the reaction 
only takes place in the functional part of the anode and not in the structural layer, despite the two being 
made of the same material, is justified. 
 
3.4.7 Porosity 
At first glance, porosity should not be an interesting parameter to investigate, since it is clear that 
decreasing porosity would increase the concentration overpotential due to smaller diffusion coefficients 
(the diffusion coefficients are correlated to the porosity, to account for diffusion in a porous medium 
rather than free diffusion). However, this does not consider that decreasing porosity means having a 
stronger sintering degree, which in turn means an increase in the contact angle and the properties 
associated with it (length of TPB per unit volume, effective conductivity factors), as well as having lower 
permeabilities in the porous matrixes. Therefore, a decrease in porosity is associated with negative effects 
on the performance (resistance to diffusion, lower permeabilities), as well as positive ones (better 
conductivities, more active sites). 
This makes porosity a parameter whose effect cannot immediately be identified, not even qualitatively. 
Unfortunately, the relations between the porosity and the parameters that are, directly or indirectly, 
dependent on it, require a detailed analysis of the microstructure of the electrodes, that is beyond the 
scope of this study. 
Effective diffusion coefficients are the only parameter that have an explicit relation to the porosity. For 
all other quantities, very rough estimates can be made with dimensional analysis. Porosity, despite being 
a dimensionless quantity, is a ratio of volumes. The length of TPB should, at least as an order of 
magnitude, scale with exponent 1/3 with respect to porosity. Permeability should scale with exponent 
2/3, and so do conductivity factors, since they are related to the cross-sectional areas of contact between 
particles. Bear in mind, once again, that these are just estimates, and the effective parameters in a sintered 
porous media with a different degree of porosity are bound to have much more complex relations. 
In Figure 3.13, the effect of decreased porosity in the cathode and the anode functional layer have been 
investigated, varying all other parameters related to porosity with the estimates detailed above. For both 
electrodes, the positive effect of a higher sintering degree is countered by the added concentration 
overpotential and the lower permeability, although the decrease in performance is smaller at the cathode 
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since it is more influenced by an increase in effective ionic conductivity. Therefore, lowering porosity 
does not lead to more efficient cells. 
 
                  a)                b) 
Figure 3.13. Effect of the porosity at the anode (a) and cathode (b). All other parameters related to porosity 
or sintering degree have been scaled accordingly, using dimensional analysis as a very rough estimation. 
 
There is, however, a way to get the benefits of a higher sintering degree without the disadvantages of it. 
Adding  pore-formers  to  the  powder  before  sintering  (organic  compounds  that  completely  
decompose into gaseous products under the high sintering temperatures) can result in larger contact 
angles, therefore improving the TPB length and the effective conductivity, without increasing porosity. 
The use of pore-formers would even lead to larger pores, and consequently a lower tortuosity factor [47] 
(which is not a parameter of this model, but is one of the variables upon which the permeability is 
dependent), therefore slightly improving gas diffusion, resulting in lower concentration overpotentials 
(although this last effect is likely negligible, compared to the other benefits of a larger contact angle 
between particles). 
 
 
 
 
 
Chapter 4 
Electrochemical impedance spectroscopy 
 
In the previous chapter, polarization curves were analyzed. While this approach allows for the 
identification of the optimal constructive and operating parameters, it does not isolate the physical 
processes responsible for a variation in the performance. Electrochemical impedance spectroscopy (EIS) 
can be a very useful too in that regard, because its results are directly related to the characteristic times 
of the phenomena occurring inside the system, and can therefore be used to identify how changing certain 
parameters influences the physical processes. Much like in Chapter 3, first the technique will be described 
in detail, and then it will be used to evaluate the effect of varying material and geometrical properties. 
 
4.1 EIS and Nyquist plots 
The basics for EIS were covered in paragraph 1.4.1, here some more details will be added in order to 
better interpret the simulated results. 
EIS consists in adding small oscillations around a fixed value to the system input, and recording the 
output. Processes with characteristic times much larger than the oscillation period will not be affected by 
it, and only react to the base value, while faster processes will lead to an oscillating output that is out of 
phase with the input. Since impedance is a complex number, the imaginary vs. the real part can be 
represented. This gives a single point on a Cartesian plane, that can be connected to the origin forming a 
vector whose length is the module of the impedance (which is the analogous of the resistance for 
oscillating inputs), and whose angle with the abscissae axis is the phase shift. This is called a Nyquist 
plot (Figure 4.1). 
Figure 4.1. Nyquist plot (imaginary vs. real part of the impedance). This is not 
actually a curve, but a collection of points, each associated with a given 
frequency. 
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Each frequency corresponds to a single point on the plot, the Nyquist plot is a sum of points, each 
associated with a particular frequency (although a major shortcoming of this type of plot is that it is not 
immediately clear what frequency corresponds to a certain point). The module of the impedance falls as 
the frequency rises (in fuel cells, not in all circuits: the Nyquist plot can be used to analyze a wide variety 
of electrical and electrochemical processes, and even control systems and signal processing), and 
therefore the lower frequencies are on the right side, and the higher frequencies on the left one. 
Note that the ordinates axis reports the opposite of the imaginary part of the impedance: this is because 
it is a negative value, but it is conventionally plotted in the first quadrant. This notation will be used in 
all Nyquist plots produced by the model (Fig. 4.3 – 4.10). 
In this study, the frequency has been varied between 0.1 and 104 Hz with an exponential growth, spanning 
a total of 50 data points. COMSOL uses a particular type of study step, the Frequency-Domain, 
Perturbation study, to simulate a sinusoidal input of given amplitude around a base value (for stability 
reasons, it is helpful to apply the perturbation to a solution for the steady-state study). 
One parameter that has not been introduced earlier in this thesis, but which is important for simulating 
the behavior of the cell under perturbations, is the double layer capacitance. At the interface between 
electrodes and the electrolyte, there is a local accumulation of charge, which acts as a capacitor (Figure 
4.2). While in steady – state conditions this does not influence the results, it becomes relevant for EIS 
analysis. 
 
Figure 4.2. Representation of charge accumulation at the electrode-electrolyte 
interface, creating a double layer capacitance. 
The effect of double layer capacitance can be evaluated by the COMSOL model. However, the values of 
the specific capacitances for the two electrodes are not easy to obtain, especially since they depend on 
many factors including electrode potential, temperature, species concentration, contact area between the 
layers, etc. One way to obtain the value for the capacitance in SOFCs is through Raman or infrared 
spectroscopy [48, 49], but such analysis should be conducted for every operating condition which will 
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be varied in this study, and no literature data exist for the exact conditions and the different values at 
which the parameters will be set. 
However, the goal of this chapter is to analyze how varying certain parameters influences the processes 
taking place inside the cell. The values of the specific capacities is not relevant to this, and can be set at 
a reasonable value, according to literature data, of 150 F/m2 for both electrodes. The resulting Nyquist 
plot is reported in Figure 4.3. If anything, the double layer capacitance can be an obstacle, superimposing 
its effect to those of other phenomena that are worth investigating. In this particular case this is not a 
problem since the arcs are already neatly separated, but for other systems a possible solution would be 
to arbitrarily increase the value of the specific capacity in order to artificially separate the arc. This would 
allow to discern the effect that a change in parameters has on those arcs.  
Figure 4.3. Nyquist plot for the system at base case conditions for cdl = 150 F/m2. 
 
The Nyquist plot reported in Fig. 4.3 is qualitatively similar to that obtained for a Forschungszentrum 
Jülich anode supported single cell operated in similar (though not identical) conditions. An exact match 
is not the goal of this study, which rather focuses on the identification of the phenomena occurring inside 
the cell and their characteristic times. 
 
4.2 Phenomena associated with the arcs 
Figure 4.3 shows the presence of two distinct arcs in the Nyquist plot. First, it is useful to understand to 
what type of phenomena those arcs are associated with. Given that frequency increases going from right 
to left, and that the effect of higher frequencies is only perceived by faster processes, it is clear that the 
right curve is associated with slow processes and the left curve to fast ones. What is left to determine is 
exactly which, among the phenomena taking place inside the cell (electrochemical reactions, electronic 
and ionic conduction, gas diffusion), can be considered slow or fast. 
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A first test will be how a higher potential influences the results. The OCV for the cell at base case 
conditions is 1.142 V, the cell has also been simulated at 1.2 and 1.3 V. Results are presented in Figure 
4.4. As potential increases, the impedance of the cell decreases for any given frequency. However, the 
left arc is mainly affected, while the right arc remains substantially unchanged. Therefore, the right arc 
must represent phenomena that are unrelated to the applied potential. Since reaction rates depend on the  
 
Figure 4.4. Effect of increased applied potential. 
 
potential, and so do the electronic and ionic conductions, a tentative explanations is that the right arc 
represents the other steps, the diffusion of gases. One way to test this hypothesis is to arbitrarily decrease 
diffusion coefficients, to see if this affects the right arc. An effect on the left arc is expected as well, since 
increasing resistance to diffusion also increases concentration overpotential, and therefore lowers the 
exchange current for a given applied potential. A Nyquist plot in which diffusion coefficients have been 
arbitrarily decreased by a factor of 10 is presented in Figure 4.5. 
Figure 4.5. Nyquist plot with arbitrarily reduced diffusion coefficients on the two sides. 
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As predicted, the left arc has expanded because slower diffusion greatly increases concentration 
overpotential. The right arc, however, is not recognizable anymore, and diverges, in accord to the 
behavior known in systems under diffusive control (mass transfer or Warburg impedance). This is a 
further proof that the interpretative hypothesis was correct, and the right arc is associated with diffusive 
processes. 
 
4.3 Parametric analysis 
Several simulations have been carried out to identify how certain parameters influence the spectra, and 
therefore the phenomena that those spectra identify. This analysis is similar to what was conducted in 
paragraph 3.4, but instead of analyzing the performance of the cell, the effect of a number of parameters 
on the processes taking place inside the cell has been evaluated under perturbations, resulting in Nyquist 
plots. 
 
4.3.1 Temperature 
Many of the model’s parameters depend on temperature. The overall effect of temperature on the module 
of the impedance is fairly straightforward to predict, since it has already been established that an increase 
in temperature dramatically improves the performance, and so would lead to lower resistances (i.e. 
impedance). The expected result is that at high temperature the arcs would be both shifted to the left and 
reduced in height. It is however interesting to see how the two arcs react to different temperatures. Results 
of the simulation, with T = 750°C, 800 °C (base case) and 850°C, are reported in Figure 4.6. 
Figure 4.6. Effect of system temperature on the Nyquist plot. 
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While both arcs are reduced in size, the ratio between them is not constant. The lower the temperature, 
the more relevant the resistances associated with diffusion become. This means that, while an increase 
in temperature has a positive effect on reaction kinetics and electronic and ionic conduction, it has an 
even greater effect on the diffusion of gases in and out of the electrodes. This is a result that was not 
immediately identifiable by looking at steady-state simulations. 
Another interesting aspect is that at high temperature the right arc seems to be the superposition of two 
distinct arcs. Simulations at higher temperature accentuate this aspect. This is likely due to the 
contributions to a different diffusion resistance of the anode and the cathode channel. 
 
4.3.2 Fraction of steam in the fuel side 
The expected behavior of a decrease in hydrogen molar fraction is a reduction of the left arc due to a 
lower OCV (Eq. 2.28), and a larger effect on the right arc because of smaller gradients and therefore 
slower diffusion processes. The hydrogen molar fraction has been set to 0.965 (base case), 0.9 and 0.85, 
simulation results are reported in Figure 4.7. 
Figure 4.7. Effect of hydrogen molar fraction in the fuel feed on the Nyquist plot. 
 
The effect on the left arc, corresponding to the electrochemical processes, is less pronounced than 
expected. While a lower OCV depresses the effectiveness of the cell, a lower hydrogen molar fraction 
also causes a reduction in the exchange current at the anode (Eq. 2.21), reducing concentration 
overpotentials. Furthermore, the anodic activation overpotential is reduced as well (Eq. 2.23). These two 
beneficial effects partly counterbalance the effect on the OCV, and the increase in impedance module is 
almost exclusively due to the slower phenomena, i.e. the diffusion of gaseous species. 
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4.3.3 Ionic conductivities 
The effect of different ionic conductivities has been investigated. This can be due to different materials 
used, or different sintering degrees, since for the electrodes effective conductivities are not inherent 
properties, but depend on how the electrode was manufactured. The simulation has also been conducted 
varying the electronic conductivities, but since those are several orders of magnitude greater than ionic 
ones, no effect was observed on the Nyquist plot, and results are not reported here. 
Since conduction is an electrochemical phenomenon, the expected behavior is a contraction of the arc 
corresponding to faster processes, without influencing the diffusion. Simulations have been conducted 
for the ionic conductivity at the anode, at the cathode and in the electrolyte. In all cases, the base case 
values have been halved and doubled. Results are reported in Figure 4.8. 
     a)              b) 
     c) 
Figure 4.8. Nyquist plots with the effect of ionic conductivity of the electrolyte (a), 
cathode (b), and anode (c). 
 
Fig. 4.8a shows that only electrochemical phenomena are affected by a variation in the ionic conductivity 
of the electrolyte layer, with virtually no effect on the diffusion arc, as was expected. In a Nyquist plot, 
ohmic resistance is represented by the intersection of the curve with the abscissae axis, which corresponds 
to the point at the lowest frequency. Increasing conductivity shifts the plot to the left, which is consistent 
with a decrease in ohmic resistance. 
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A similar situation is seen in Fig 4.8b, although in this case a very small contraction of the diffusion arc 
can be seen. This is likely due to the fact that increasing conductivity removes oxygen ions from the 
reaction site faster, which leads to a greater concentration gradient that promotes diffusion. The effect is 
minimal because on the cathode side the gases have to diffuse through a very thin layer (the thickness of 
the cathode plus the current collector is only 70 μm). 
This interpretation is further confirmed by the results in Fig 4.8c. Here the reduced resistance due to 
electrochemical phenomena is accompanied by a very noticeable effect on the diffusion arc as well. 
Bringing oxygen ions to the reaction sites faster creates a higher concentration gradient like in the 
cathode. However, unlike the cathode, at the anode the thickness is much more relevant, since the anodic 
supporting layer is 1.5 mm thick. Higher concentration gradients have the same beneficial effect that they 
have in the cathode, however the resistance associated with diffusion is dominated by what happens in 
the anode side, and improving this process has a much more noticeable effect compared to the cathode 
side. 
This is one of the limits of EIS: while it is very helpful in identifying the relative speed of the processes 
occurring inside the cell and how they influence each other, processes with the similar characteristic 
times are lumped together, and their effect correspond to a single curve that is the superposition of the 
individual resistances. Separating these effects is not always easy: as explained in 4.1, sometimes the 
double layer capacitance can be used to artificially separate arcs (only in models, not in experimental 
observations); other times, extreme conditions can de-couple the arcs, when they change the 
characteristic times of the phenomena. In general, though, singling out individual processes rather than 
group of processes with similar characteristic times can be challenging. 
 
4.3.4 Kinetic parameters 
Changing kinetic parameters should influence the left arc, but as seen in the previous paragraph, faster 
reactions induce larger concentration gradients that modify the shape of the diffusion arcs as well. The 
effect should be more noticeable on the anode side, because of the large thickness that makes it the 
dominant contribution. For this simulation, the reference exchange current per unit of TPB length has 
been halved and doubled on each side. Figure 4.9 shows the results of the simulation. 
On the anode side (Fig. 4.9a), the concentration gradients greatly accelerate the diffusion at faster 
reaction rates. The effect on electrochemical processes, however, is not so relevant. The opposite 
situation can be seen on the cathode side (Fig 4.9b). Here the reduced electrode thickness makes diffusive 
processes almost independent on reaction rates, while faster reactions heavily influence the 
electrochemical arc, since the oxygen reduction reaction is the limiting step. 
It is worth remembering that having the two arcs similar size (like the red curve in Fig 4.9a, or the green 
one in Fig. 4.9b) does not mean that the electrochemical and diffusive phenomena contribute equally to 
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          a)              b) 
Figure 4.9. Effect of anode (a) and cathode (b) exchange current densities on the Nyquist plot. 
 
the total resistance of the system. It is a common mistake to assume that the size of the arcs are 
proportional to the contributions of the processes they represent. In reality, the module of the impedance 
(which is the analogous to the resistance for oscillating regimes) is the distance of a single frequency 
point from the origin. The goal of the analysis conducted in this chapter is to identify the effect of 
parameters changes on the phenomena occurring inside the cell, not to quantify their contributions. 
 
4.3.5 Electrodes thickness 
 In paragraph 3.4.6 the effect of electrode thickness on performance has been evaluated. Based on those 
results, the expected behavior is a small reduction in diffusion resistance as the thickness decreases, until 
the thickness becomes smaller than the active part of the electrode, at which point the reduction in 
reaction sites should severely increase the resistance. The effect of an increase in thickness is fairly 
straightforward, a thicker electrode does not increase performances since the base case thickness is 
already larger than the active area for both electrodes, it only slightly increases resistance to diffusion, 
and therefore these results are not reported here. For this simulation, the thickness has been reduced by 
75%, 50% and 25% of the base case value (12 μm for the anode, 10 μm for the cathode). Results are 
reported in Figure 4.10. 
Reducing the thickness of the anode (Fig. 4.10a) has almost no effect until a certain threshold is reached, 
at which point the electrode is thinner than the active layer required for the reaction, and this reduces the 
effectiveness greatly. At the cathode (Fig. 4.10b) the active layer falls just barely within the base case 
thickness, and any reduction in the electrode’s dimension reduces performances. The effect on the 
diffusion arc is once again related to the thickness of the porous matrix that the gas has to diffuse through 
to reach the active sites:  for  the  anode,  the  concentration  gradients  induced  by  slower  reaction  rates  
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                     a)              b) 
Figure 4.10. Effect of decreasing electrode thickness at the anode (a) and cathode (d) on the Nyquist plot. 
 
influence the diffusion resistance in an appreciable way, whereas at the cathode side the porous phase is 
very thin and the effect of concentration gradients is barely noticeable. 
 
  
Conclusions 
 
The goal of this study has been the development of a tool that could be used to characterize and optimize 
cell geometry an operating conditions in new generations of solid oxide fuel cells, as well as help 
identifying what properties new materials should have in order to maximize their efficiency. In particular, 
there is an ongoing collaboration between the Industrial Engineering department and the department of 
Chemical Sciences at the University of Padua, aimed at developing new materials for SOFCs that can be 
active at lower temperatures, as well as using those materials in working prototypes. 
The tool developed is a mathematical model for SOFCs, which has been created using COMSOL 
Multiphysics, a commercially available finite element simulator. The model solves gas flow, ions and 
electrons field in every part of the cell, including solid domains. The model has been applied to a well 
known and studied existing SOFC, so that kinetics, material properties, geometry and microstructural 
information were readily available, as well as experimental data with which to test its effectiveness. 
Subsequently, the model has been tested against said experimental data, without any adjustable 
parameters, and has been found to adequately represent the different processes inside the cell. Once its 
validity has been verified, the model has been used to evaluate the effect of changing parameters, in order 
to analyze the contribution that such changes give to the overall performance. The parameters whose 
effect has been evaluated are temperature, inlet velocities (both with fixed and different ratios in the two 
channels), fuel composition, ionic conductivities in the electrodes and the electrolyte, kinetic parameters 
for both global reactions, electrode thicknesses and porosities. Some of these parameters are purely 
operating, some are related to cell geometry, while others pertain exclusively to the materials used, so 
that when trade-offs in intrinsic properties have to be considered while developing new materials, there 
can be an informed choice about the most effective set of properties. 
Two types of simulations have been conducted with changing parameters. First, the model has been run 
under steady-state conditions, obtaining a simulated polarization curve that allows to evaluate the effect 
that parameter changes have on global effectiveness. Then, it has been used to simulate the results of an 
electrochemical diagnostic tool, EIS (electrochemical impedance spectroscopy), that uses oscillating 
inputs to analyze the characteristic times of the phenomena inside the cell, allowing to break down their 
contributions. Generally, when EIS is applied experimentally, the behavior of the system is confronted 
with equivalent circuits whose parameters are fitted on the results, assigning each circuit element to a 
particular process, whereas this model generates a Nyquist plot (one of the outputs for EIS) directly from 
the response of the real cell, simulated with its actual processes, therefore removing the need for analogies 
with equivalent circuits. 
Among the interesting results that could help maximize the performance of future prototypes, there are: 
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 After a certain point increasing air flow rate does not improve cell performance anymore, and can 
therefore be used to control the system temperature; 
 More diluted fuel streams do not negatively affect performances at high current densities; 
 Good cathode materials, both in terms of ionic conductivity and catalytic properties, contribute 
more than good anode materials to the performance of the cell, confirming that oxygen reduction 
is one of the critical steps; 
 The active part of the electrodes can be smaller than the thickness of the electrode. The simulation 
can help identifying an optimal thickness that reduces resistances due to gas diffusion without 
compromising the number of active sites; 
 A higher degree of compenetration between sintered particles in the electrodes will increase 
performance, but only as long as the same porosity is maintained with the use of pore-formers. 
Higher sintering degrees without pore-formers result in lower porosity which in turn depresses 
efficiency; 
 For anode-supported cells, improvements on the cathode sides are more associated with 
electrochemical phenomena, while on the anode side diffusion resistances are the leading sources 
of potential losses. 
Future developments concern using this model to obtain unknown properties and to optimize cell 
prototypes: now that it has been proven to accurately represent the physical processes occurring inside a 
fuel cell, although with some simplifications, the geometry and material properties can be changed to 
represent working prototypes. This can be used to regress kinetic parameters on new materials once 
experimental data for these prototypes are available, and later use these information to optimize the 
operating conditions and geometrical and morphological aspects of the cell. 
 
 
 
 
 
 
 
 
 
Nomenclature 
Glossary 
 Ades Pre–exponential factor of hydrogen desorption kinetics [s · m2 · mol-1] 
 am Specific area for reaction m [m
-1] 
 di Diffusional driving force for species i [] 
 Dij Binary diffusion coefficient for species i and j [m
2 · s] 
 𝐸𝑗
𝑎𝑐𝑡 Activation energy (j = a, c) [J · mol-1] 
 Edes Activation energy of hydrogen desorption kinetics [J · mol
-1] 
 F Faraday constant [C · mol-1] 
 i0 Amplitude of sinusoidal current density [A · m
-2] 
 i0j Exchange current per unit of TPB length (j = a, c) [A · m
-1] 
 𝑖0𝑗
𝑟𝑒𝑓
 Exchange current per unit of TPB length at the reference temperature (j = a, c) [A · m-1] 
 ij Current density per unit of TPB length (j = a, c) [A · m
-1] 
 im Local current density for reaction m [A · m
-2] 
 ji Mass flux vector of species i [kg · m
-2 · s-1] 
 MWi Molecular weight of species i [kg · mol
-1] 
 Ni Molar flux of species i [mol · m
-2 · s-1] 
 nm Number of electrons participating in reaction m 
 OCV Open circuit voltage [V] 
 P Pressure [Pa] 
 𝑃𝐻2
∗  Reference pressure of hydrogen adsorption/desorption equilibrium [Pa] 
 pi Partial pressure of species i [Pa] 
 Qbr Generation/consumption of matter in the porous matrix [kg · m
-2 · s-2] 
 R Ideal gas constant [J · mol-1 · K-1] 
 Ri Production rate of species i [kg · m
-3 · s-1] 
 T Temperature [K] 
 𝑇𝑗
𝑟𝑒𝑓
 Reference temperature for reaction kinetics (j = a, c) [K] 
 u Velocity Field [m · s-1] 
 V Voltage [V] 
 V0 Standard voltage [V] 
 V0 Amplitude of sinusoidal voltage [V] 
 Vp Electric potential of phase p (p = el,a; el,c; io) 
 wi Mass fraction of species i 
 yi Molar fraction of species i 
52  Nomenclature 
 
 Z Impedance [Ω · m2] 
 Z0 Amplitude of impedance [Ω · m2] 
 αj First transfer coefficient (j = a, c) 
 βj Second transfer coefficient (j = a, c) 
 Γ Surface site density [mol · m-2] 
 γ0 Sticking probability of hydrogen adsorption kinetics 
 ∆𝐺0
𝑓
 Change in molar Gibbs free energy of formation [J · mol-1] 
 ζ Reaction order of oxygen in cathode kinetics 
 ηcell Cell overpotential [V] 
 ηj Activation overpotential (j = a, c) [V] 
 κ Permeability [m2] 
 λTPB TPB length per unit volume [m-2] 
 μi Dynamic viscosity of species i [kg · m-1 · s-1] 
 νi,m Stoichiometric coefficient of species i in reaction m 
 ρ Gas density [kg · m-3] 
 σp Conductivity of phase p (p = el,a; el,c; io) [S · m-1] 
 φ Phase shift [rad] 
 ϕla Porosity of layer la (la = cc, ca, af, as) 
 𝜒𝑝
𝑒𝑓𝑓,𝑙𝑎
 Effective conductivity factor of phase p (p = el,a; el,c; io) in the layer la (la = cc, ca, af, 
as) 
 Ψel Solid volume fraction of electronic phase el (el = ela, elc) after sintering 
 ω Frequency [Hz] 
Subscripts  
 el,a Electron–conducting phase in the anode 
 el,c Electron–conducting phase in the cathode 
 io Ion–conducting phase 
 rev Reversible 
Superscripts  
 af Anode functional layer  
 as Anode supporting layer 
 ca Cathode layer 
 cc Current collector 
 ey Electrolyte 
Abbreviations  
 FPMFj Free and Porous Media Flow module in the side j (j = a, c) 
 LSM Strontium Stabilized Lanthanum Manganite 
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 SIEC Secondary Current Distribution module 
 SOFC Solid Oxide Fuel Cells 
 TCSj Transport of Concentrated Species module in the side j (j = a, c) 
 TPB Three Phase Boundary 
 YSZ Yttria Stabilized Zirconia 
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